Tones were delivered directly to the stapes in anesthetized cats after removal of the tympanic membrane, malleus, and incus. Measurements were made of the complex amplitudes of the sound pressure on the stapes Ps, stapes velocity Ps, and sound pressure in the vestibule Pv-From these data, acoustic impedance of the stapes and cochlea Zsc --• Ps/Us, and of the cochlea alone Z c =• Pv/Lrs were computed {Us • volume velocity of the stapes = Vs X area of the stapes footplate). Some measurements were made on modified preparations in which (1} holes were drilled into the vestibule and scala tympani, (2) the basal end of the basilar membrane was destroyed, (3) cochlear fluid was removed, or (4) static pressure was applied to the stapes. For frequencies between 0.5 and 5 kHz, Zsc --•Zc; this impedance is primarily resistive (Ire I 1.2 X 106dyn-s/cm a) and is determined by the basilar membrane and coehlear fluids. In the rest of this paper we will deal exclusively with acoustic impedances and the superscripts in Z $, etc., will be omitted.
In order to provide an unobstructed view of the stapes footplate some nearby structures were removed. The tensor tympani was completely excised. The stapedius tendon was severed near its point of attachment to the stapes. (Measurements of IZscl in one cat before and after stapedius detachment showed no significant changes.) Usually the bone covering the facial-nerve canal posterodorsal to the stapes was removed along with a short section of the facial nerve. Both ends of the canal were then plugged with cotton to restrict fluid seepage. The stapedius muscle was also removed. During these procedures it was important to avoid breaking into the lateral semicircular canal.
To provide a good surface for secure bonding of cement, the periosteum was removed from the petrous bone surrounding the oval window and the exposed bone was allowed to dry. A few drops of physiological saline solution were placed around the stapes footplate to keep the annular ligament moist (see Sec. III).
A cavity was then constructed around the stapes (Fig.  2) . The base of the cavity was made with dental cement ("Grip," S.S. White Co.) which was applied to the dry bone surrounding the oval window so as to fill the spaces formed by the removal of the facial nerve and stapedius and tensortympani muscles. Thin layers of the cement were built up to form a flat surface around the oval window. During this process the end of the Ps probe tube was positioned less than 2 mm from the dorsal edge of the stapes footplate and the cement cavity wall was built around the tube. A cylindrical, rigid, plastic tube (3 mm i.d., 7 mm long) was then cemented to the base to form a cavity containing the stapes and one end of the probe tube. The M6ssbauer source was affixed to the stapes head using either petrolatum or zinc-oxide cement.
Usually after this portion of the procedure had been completed, we connected the sound source to the cavity and made initial measurements of pressure Ps and velocity l/s. These measurements included determination of the stimulus level [Psi required to produce a constant velocity amplitude over a range of stimulus frequencyf so that IZsc(f)[ could be estimated.
C. Stimulus generation and measurement
Rapid measurement of stapes velocity with the M6ss-bauer method requires high sound-pressure levels at the stapes. The stimulus system consisted of an oscillator, attenuator, power amplifier, and either a Jensen DD-100 or an Atlas PD-60 driver coupled to the stapes cavity with rigid plastic tubing. This system could produce up to 150 dB SPL from 20 to 5000 Hz. For some of the measurements the oscillator and attenuator were controlled by a computer system which allowed sweeping of the frequency while keeping either a stimulus or response variable constant (Weiss et al., 1969) .
The microphone (12 mm diam Briiel & Kjaer 4134) and probe tube used for Ps measurements were calibrated (Weiss and Peake, 1972 ) in a specially constructed cavity. A condenser microphone (25 mm B&K 4132) was used as a sound source to drive a cylindrical cavity 3 mm in diameter and 7 mm long. A calibrated condenser microphone (3 mm B&K 4138) terminated this cavity and the probe tube was inserted so that its tip was 1.5 mm from the center of the microphone diaphragm. A theoretical analysis indicates that the sound pressures at the probe tip and at the microphone diaphragm differ by less than I dB for frequenices below 17 kHz. The calibration curve was stored in the computer system so that output voltages from the probe-tube microphone could be converted to sound pressures.
In one experiment static pressure was also introduced into the cavity around the stapes. An otoadmittance meter (Grason-Stadler 1720) was used as the static pressure source and connected by a T junction to our sound delivery tube. A special housing for the Ps condenser microphone vented the static pressure to the back side of the diaphragm so that the microphone sensitivity was nearly independent of static pressure. 
D. Velocity measurements
1
R• = asymptotic value ofr when Iv --V• [>F, a = fractional effect = (R• --R r)/R •o, where R r ----minimum {resonant) rate, v = velocity of the MSssbauer source, V, = isomer shift (velocity for maximum absorption), F = linewidth (or half-width at half-height).
The relation between ß and v is determined by four parameters R •, •, a, and F, which must be known to determine v from measurements of r. R • depends on the size and specific activity of the source and on the configuration of the absorber and detector (e.g., source-to-detector distance, detector size, and efficiency). V• is determined by the source and absorber materials. F and a are primarily determined by the materials and configuration of the source and absorber, but they can also be influenced by materials between the radioactive substance and the absorber (e.g., source matrix material, acoustic cavity walls, bone, fluid) and by the photon detection scheme (e.g., the width of the pulse-height window).
Use of nonzero isomer shift has two advantages. The computer system was programmed to adjust the stimulus level so that the measured value of • was within a given tolerance of a specified value and to display the resulting stimulus level versus frequency. The curve representing Eq. (6) was used to convert the specified value of Y into a velocity magnitude (Fig. 5 ) so that impedance magnitude could be computed.
The photon rate was averaged with a "rate meter" having a time constant of 0.5 s. With this computerized sweep system we could make measurements at 20 frequencies (between 30 and 10 000 Hz) in 5 min.
Determination of isomer shift
Both the velocity-waveform and mean-rate measurements produced velocity values expressed in terms of the isomer shift I/•. To determine the value of I/i we measured the magnitude of the motion of a vibrator at one frequency (56 Hz) (1) with the M/Sssbauer waveform method, (2) with a calibrated accelerometer, and (3) with a microscope, eyepiece micrometer, and strobescopic illumination. The latter two measures agreed within 20%. To make the M/Sssbauer waveform magnitude equal to the average of the other two measures required that l,'i = --0.2 mm/s.
Validation of the method
The system was tested by measuring velocity waveforms on a vibrator (B&K 4290 or 4810) for sinusoidal motion at frequencies from 30 to 30 000 Hz. The M6ssbauer source was attached to an accelerometer with petrolatum.
M6ssbauer measurements were compared with those obtained from the accelerometer. These measurements agreed (within q-2.5 dB and _ 15 ø) indicating that a thin layer of The M6ssbauer system detects the velocity of the source relative to the absorber. For determination of the impedances Zsc and Z c we need to know the velocity of the stapes relative to the skull (petrous bone). To test whether the velocity of either the petrous bone or the absorber was significantly different from zero, in one preparation the M6ss-bauer source was placed on the petrous bone adjacent to the ov•l window. With the highest sound pressures that our acoustic system could generate, we looked for increases in • at frequencies spanning the range that we used. We were unable to detect any motion with this method. Since the same method was able to produce increases in • at lower sound pressures when the source was on the stapes, the motion of the other structures, such as skull or absorber, was negligible.
Summat>, of veloc/• measurement methods
The ranges of velocity and frequency over which these two methods were applied are indicated in Fig. 6 along with a curve indicating an upper limit for predominantly linear behavior of the intact ossicular chain. The figure shows that the velocity levels used in the work reported here were within the range in which the fundamental component of the motion shows linear growth with stimulus level, with the possible exception of the ? measurements at the lowest frequencies.
E. Measurement of sound pressure in the vestibule
The transducers used for measuring intracochlear pressure and their calibration have been described by Nedzelnitzky (1974a, 1980).
Calibration
A fluid-filled vial was mounted on a vibrator to generate an approximately uniform pressure field for calibration purposes. The tip of the transducer's probe tube and a refer- Measurements of }Zsc [ were used to test the quality of the seal (e.g., Fig. 9) . If ]Zsc [ was not the same (within a few dB) with the hole sealed as it had been with the labyrinth intact, the $eltrate was removed, the bone around the hole was dried, and another application was tried. In most cases it was possible to achieve a good seal that was stable for at least a few hours. The probe was calibrated at the beginning and end of each experiment. In general, measurements are reported only for frequencies where these two calibrations agreed within + 5 dB. (The largest differences usually occurred at high frequencies and the low-frequency differences were considerably smaller.) In order to confirm that the transducer was responding to the pressure at the probe tip, the tip was plugged at the end of the experiment' and measurements in the vial were repeated. The output measurement was considered valid only when it was at least 10 dB larger than the "plugged-tip" output. This criterion usually limited the Pr measurements to frequencies below 10 kHz.
Transducer placement
Prior to the insertion of the Pv pressure probe, a hole {usually about 0.3 mm disre) was drilled into the vestibule anteroventrally to the oval window. Perilymph always flowed from the open hole. If there was bleeding from the vestibule, physiological saline was used to wash away the blood before it clotted. {To determine whether the drilling produced gross disruptions in the labyrinth, temporal bones from four experiments were prepared for histological sections. In each case there was a clean hole in the bone without
Validity of measurements
In order to ensure that the transducer was measuring the pressure at the tip of the probe tube, measurements were made in the vestibule (in two eats) before and after the probe tip was mechanically plugged. Also, the output of the measuring system {the noise floor} was determined with the stimulus off. For all results reported here the measurements are at least 10 dB above both the noise floor and the pluggedtip output. linear growth of velocity was observed. For instance, the impedance magnitudes derived from both velocity-measurement methods were essentially equal (e.g., Fig. 16 ), even though the velocity magnitudes differed by 14 to 21 dB. Also, the waveforms of all the variables usually appeared to be sinusoidal; second and third harmonics for the velocity waveforms were at least 18 dB below the fundamental, and the Ps microphone and pv transducer outputs appeared to be less distorted than the velocity waveforms. Thus we found predominantly linear behavior of responses at the stapes for stimuli IPsl up to 140 dB SPL. 2
C. Effects of modifications of the system
In one cat the stapes was manually rocked back and forth so as to rupture most of the annular ligament with the stapes remaining in the oval window. The measured IZscl was smaller than normal for frequencies below 600 Hz and was essentially normal for frequencies above 600 Hz. This result and those obtained when the annular ligament was allowed to dry ( Fig. 7 ) suggest that at low frequencies Zsc is controlled by the annular ligament.
In some early experiments the lateral semicircular canal was inadvertently opened during the surgical preparation. IZscl in these preparations was generally lower than normal for frequencies between 1 and 10 kHz. This result suggests that in this frequency region Zsc is determined by the cochlea; the hole provided a path for the stapes volume In two preparations (with similar results) more drastic modifications of the cochlea were carried out (Fig. 11) . Opening a hole in scala tympani produced a decrease in
[Zsc ] for f< 0.3 kHz that is similar to the decrease produced by a hole in scala vestibuli (Fig. 9) In one preparation we obtained measurements that were atypical in that IPvl was approximately equal to IPsl even at low frequencies. It was found that the cement base of the acoustic cavity around the stapes was not bonded to the bone in one spot anteroventral to the oval window. Since this region of the cement was in contact with sealant around the vestibule hole and pressure probe, apparently direct coupling of Ps to the pressure probe occurred through this pathway. Thus the rigidity of the enclosure around the stapes seems to be of great importance for the accuracy of Pt measurements. This kind of coupling was apparently not an appreciable factor in our reported Pr measurements, because The ratio P•/Ps was measured directly in our preparations (Fig. 14) . Tonndorf and Khanna (1967) determined the pressure required outside the oval window to produce a given level of cochlear potential both with and without the stapes in place. The condition of equal cochlear potential should correspond at each frequency to equal volume velocity through the oval window, if the cochlea itself is unchanged by removal of the stapes. In that case, the ratio of pressures obtained in the two situations would be Zc/Zsc and should be the same as our measurements of Pv/Ps. Comparison of results (Fig. 19) We have chosen mechanical network models to fit the impedance measurements of Sec. IV A. These networks describe the mechanical (or acoustic) system in terms of connected masses, resistances, and compliances. Since many middle-ear models (Onchi, 1949 (Onchi, , 1961 Zwislocki, 1957 Zwislocki, , 1962 Zwislocki, , 1963 ; M•ller, 1961) have been presented as electric circuit analogs of the mechanical system, we will also include electric circuits in which voltage is analogous to sound pressure and current is analogous to acoustic volume velocity. The two forms for the networks are completely equivalent: both are included as a convenience for readers with different backgrounds.
A simple network for the impedance of the stapes and cochlea Zsc
The frequency dependence of the Zsc measurements can be approximated by a three-element network (Fig. 22) 
A more detailed network
Although the three-element network of Fig. 22 is adequate for representing the properties ofZsc, it does not fully represent our knowledge of its components. Zsc is the sum of the impedance of the stapes (and annular ligament) Zs, the input impedance across the cochlear partition Z •, and the round-window membrane impedance ZRw [ Fig. 23(a} or (b) ]. Our goal in this section is to represent each of these three impedances by a simple network of lumped elements such that the overall network has characteristics that mimic all the measurements. In a following section (Sec. IV CI we will relate the network elements to anatomical entities.
First we must choose representative sets of measurements to be matched by the network model The averaged Zsc results (Fig. 22) are taken as one set. For Zc we have combined our measurements and those of Nedzelnitsky (Fig.  20) to give a grand average Zc that is consistent with the Zsc set (Fig. 24) . 5
The network used to represent the averaged sets ofZ c and Zsc is shown in Fig. 23 [{c) The maximum differences at any frequency are 2.8 dB and 29' for both Zsc and Zc {5.9 dB and 66' for Pc/Pc). There is an apparent disagreement between behavior of the network model and the measurements at high frequencies in that the angle of Zc for the network {Fig. 24, Pc/Us, dashed line) is significantly more positive than the averaged measurements {Fig. 24, dots). This suggests that Me (which was needed in addition to Ms to account for the masslike behavior of Zsc at high frequencies) should be a component ofZ s rather than ofZ c {which would change the Z c model to the solid line in Fig. 24 with a reduction in rms differences to 1.1 dB and 11 ø and maximum differences to 2.8 dB and 27ø). However, this suggestion conflicts with the results {Fig. 11} which show that IZscl is diminished at high frequencies by removal of perilymph. This conflict can be resolved if i[ !s assumed that the pressure measured in the Vestibule Pv differs from the actual pressure on the medial face of the footplate Pv {Ref. 6). Even though these two locations are separated by only a small fraction of a wavelength {for sound in water), there could be significant pressure differences. Since the stapes footplate covers only a fraction of the surface of the vestibule, some nonuniformity in the sound field will exist within the vestibule. We assume that this nonuniformity becomes significant at high frequencies and contributes a mass component (see Sec. IV C3). Thus Me is interpreted as belonging to the cochlear input impedance, even though the measured Zc does not appear to be masslike at high frequencies. In effect we assume that for high frequencies, Ps is a better estimate of the average pressure on the vestibular side of the stapes Pc, than the measured pressure C. Implications for structures that contribute to stapes Impedance Zs and cochlear Impedance Z½ This discussion is organized in terms of the elements of the network model of Fig. 23. 1. Stapes and annular ligament impedance Zs a. Annular ligament compliance CAL. Our results indicate that between 10 and 1000 Hz, Z s behaves as a compliance (Fig. 11) (Fig. 11) . Although we have no direct evidence as to the structures involved in this effect, it seems likely that the annular ligament is the primary contributor. Apparently, properties of other ligaments have not been measured at frequencies in this range (Apter and Marquez, 1968) . 
